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We performed a comprehensive alanine scan of human a-de-
fensin HNP1 and tested the ability of the resulting analogs to kill
Staphylococcus aureus, inhibit anthrax lethal factor, and bind
human immunodeficiency virus-1 gp120. By far, the most dele-
terious mutation for all of these functions was W26A. The activ-
ities lost by W26 A-HNP1 were restored progressively by replac-
ing W26 with non-coded, straight-chain aliphatic amino acids
of increasing chain length. The hydrophobicity of residue 26
also correlated with the ability of the analogs to bind immobi-
lized wild type HNP1 and to undergo further self-association.
Thus, the hydrophobicity of residue 26 is not only a key deter-
minant of the direct interactions of HNP1 with target molecules,
but it also governs the ability of this peptide to form dimers and
more complex quaternary structures at micromolar con-
centrations. Although all defensin peptides are cationic, their
amphipathicity is at least as important as their positive charge in
enabling them to participate in innate host defense.

Antimicrobial peptides (AMPs)® are important components
of innate immunity in organisms ranging from insects to
humans (1). In lower organisms, AMPs are the most effective
“weapons of microbial destruction” against infectious
microbes. Well known early examples include melittin from
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honeybee venom (2), cecropin from giant silkworm moths (3),
and magainin from African clawed frogs (4). Defensins consti-
tute a major class of antimicrobial peptides in vertebrates and
are especially prominent in mammals (5-8). Defensins are
2-5-kDa, disulfide-stabilized cationic AMPs that are classified
on the basis of size and disulfide topology into three structural
families: e, B, and 6. Humans and other primates express mul-
tiple a- and B-defensin peptides, but 6-defensins are found only
in certain nonhuman primates.

Six human a-defensins have been identified. The first three,
known as human neutrophil peptides (HNPs 1-3), were origi-
nally isolated from the azurophil granules of neutrophils and
are described as “natural antibiotic peptides” (9, 10). The less
abundant HNP4 was found later in human neutrophils (11, 12).
The final two a-defensins, HD5 and HD6, discovered through
genomic approaches, are produced by Paneth cells of the small
intestine (13, 14). Many human 3-defensin genes exist. The few
that have been characterized at the protein level are expressed
predominantly in epithelial cells (15).

Despite their small size, defensins are active against a broad
range of bacteria, fungi, and viruses. Although the mechanism
of killing of bacteria by defensins is thought to primarily involve
microbial membrane disruption (16, 17), their inhibition of
infection by both enveloped and non-enveloped viruses is far
more complex mechanistically (18). Defensins are also
immuno-modulators that chemoattract and activate immune
cells by acting on various cellular receptors and host proteins
(19, 20). In addition, a-defensins can neutralize secreted bacte-
rial toxins including anthrax lethal toxin, a binary complex of
protective antigen and lethal factor (LF) (21, 22). The molecular
basis for this extraordinary functional versatility is only par-
tially understood.

Defensins adopt a three-stranded 3-sheet core structure sta-
bilized by three intramolecular disulfides. Prior mutational
studies of a-defensins focused primarily on conserved elements
such as disulfide bonding (23, 24), an invariant Gly residue (25),
a conserved salt bridge (26 —28), and the often abundant but less
conserved Arg residues (29, 30). However, the loss of many of
those conserved structural elements in a-defensins is often
functionally inconsequential in vitro. Compelling experimental
evidence links defensin cationicity to bacterial killing, an event
initiated by electrostatic interactions between the positively
charged peptide and the anionic and electronegative bacterial
membrane. Yet cationicity alone does not explain the strain
selectivity of different defensins. Furthermore, unlike human
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a-defensins and (perhaps) HBD3, the more positively charged
B-defensins are not lectins and do not inhibit bacterial toxins
and many viruses (31-36).

To gain additional insight into the molecular underpinnings
of a-defensin function, we did a comprehensive Ala-scanning
mutational analysis of HNP1, a prototypic human «-defensin,
and examined its functional consequences. After finding the
W26A mutation to be especially deleterious, we created HNP1
analogs containing a series of non-coded aliphatic amino acids
of increasing hydrophobicity at position 26 and tested their
activities. We found that the hydrophobicity of residue 26,
which is normally imparted by Trp in HNP1, is essential for the
functional versatility of this host defense peptide.

MATERIALS AND METHODS

Synthesis of Ala-scan Analogs of HNP1—Materials used in
the experiments are described in the supplemental informa-
tion. The amino acid sequence of HNP1 is "ACYCRIPACIAG-
ERRYGTCIYQGRLWAFCC?°. Machine-assisted solid phase
chemical synthesis of HNP1 and some of its analogs, using the
2-(1H-benzotriazolyl)-1,1,3,3-tetramethyluronium hexafluo-
rophosphate activation/N,N-diisopropylethylamine in situ
neutralization protocol developed by Kent and co-workers for
Boc chemistry (37), was previously reported (38). Most Ala-
substituted analogs of HNP1 were prepared essentially as
described for the wild type defensin, except for R5SA-HNP1,
E13A-HNP1, and F28 A-HNP1. Arg-5 and Glu-13 form a con-
served salt bridge in HNP1, and substitution of either residue
for Ala results in defensin misfolding and aggregation (26).
Because the proHNP1 propeptide facilitates defensin oxidative
folding (39), R5A-HNP1 and E13A-HNP1 were obtained
through CNBr cleavage of their prefolded mutant prodefensins
(40), which were prepared via native chemical ligation (41, 42).
Without a covalently attached propeptide, F28A-HNP1 also
failed to fold correctly. As was the case for RSA-HNP1 and
E13A-HNP1, a 75-residue pro defensin was synthesized in
which the almost C-terminal Phe was replaced by Ala. After
oxidative folding, F28A-HNP1 was released by CNBr cleavage
of the Met-Ala peptide bond connecting the N-terminal
propeptide and the C-terminal defensin domain. For compari-
son, W26A-HNP1 was also prepared from a prodefensin
mutant, W71A-proHNP1. Excluding the 6 Cys residues, 4 Ala
residues, and 1 invariant Gly residue (25), a total of 19 highly
pure and correctly folded Ala-scan analogs were generated.

Synthesis of W26X-HNP1 (X = Non-coded Amino Acid)—
The synthesis of W26X-HNP1 was essentially as described for
Ala-scan analogs of HNP1, except that Trp-26 was replaced by
each of the four non-coded amino acids: a-aminobutyric acid
(Abu, -CH,CH,), a-aminopentanoic acid (also called norvaline
(Nva), -(CH2),CH,), a-aminohexanoic acid (also called nor-
leucine (Nle), -(CH2),CH,), and a-aminoheptanoic acid (Ahp),
-(CH2),CH,;. Correct oxidative folding of W26X-HNP1 was
achieved at 0.25 mg/ml in 25% N,N-dimethylformamide con-
taining 2 M urea, 3 mMm reduced and 0.3 mM oxidized glutathi-
one, pH 8.3, using the same procedures as previously published
for wild type HNP1 (38).

Characterization of HNP1 Analogs—All defensin peptides
were purified to homogeneity by preparative reverse phase
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HPLC, and their molecular masses were ascertained by electro-
spray ionization mass spectrometry. Defensin stock solutions
prepared with water were quantified spectroscopically at 280
nm using molar extinction coefficients calculated according to
the algorithm of Pace et al. (43). For biochemical verification of
the native disulfide connectivity (Cys-1—Cys-6, Cys-2—Cys-4,
Cys-3—Cys-5) in W26A-HNP1, the peptide (0.5 mg/ml) was
digested by bovine trypsin and chymotrypsin (0.1 mg/ml each)
at room temperature in 50 mm Tris/HCl, 20 mm CaCl,, 0.005%
Triton X-100, pH 8.3. The resultant solution was analyzed on a
Thermo Scientific LXQ linear ion trap mass spectrometer
equipped with an Accela HPLC system using a Hypersil Gold
column (1.9 um, 2.1 X 50 mm).

NMR Spectroscopy—All NMR experiments were performed
at 30 °C using a 5-mm probe on a Varian INOVA 500 spectrom-
eter operating at a 'H resonance frequency of 499.754 MHz.
HNP1 or W26A-HNP1 (~2 mmMm) was dissolved in 10 mm phos-
phate buffer, pH 7.4, with 10% D,O. The homonuclear double
quantum filtered COSY, TOCSY, and NOESY spectra were col-
lected using standard protocol (44). Generally, 1024 complex
data points were collected during the acquisition time F2, 400
complex free induction decays were collected during the evo-
lution time F1, and a total of 32— 64 transients was collected for
each FID over 8000 Hz spectral width. TOCSY spectra were
recorded with a mixing time of 60 ms, whereas mixing times of
100 and 250 ms were used for NOESY experiments and evalu-
ation of spin-diffusion effects. All data were processed with
program NMRPipe (Version 3.0) (45). The spin systems of all
residues were identified using the Wiithrich strategy (46), aided
by the CARA software (47).

Structural Studies of HNP1 Mutants—The crystal structures
of the following HNP1 analogs were determined: 16A, Y16A,
Y21A, Q22A, R24A, W26Abu, W26Ahp, and F28A. All crystals
were grown using the hanging-drop, vapor diffusion method at
room temperature. Initial screenings were performed either
manually or robotically with the commercially available crystal-
lization Sparse Matrix Screens from Hampton Research. X-ray
diffraction data were collected on a rotating anode x-ray gener-
ator Rigaku-MSC Micromax 7 equipped with a Raxis-4++
image plate detector at the X-ray Crystallography Core Facility,
University of Maryland at Baltimore. For I6A-HNP1, the data
were remotely collected at Stanford Synchrotron Radiation
Laboratory (Menlo Park, CA) using an ADSC Quantum-315R
CCD detector. Data were integrated and scaled with HKL2000
(48). All structures were solved using the molecular replace-
ment method as implemented in the program Phaser from the
CCP4 suite (49). The monomer of HNP1 (PDB code 3GNY) was
used as a search model. The structural refinements were per-
formed using the program Refmac (50) coupled with a manual
refitting and rebuilding with the program COOT (51). The
crystallization conditions and data collection and refinement
statistics are shown in supplemental Tables S1 and S2. The
coordinates and structure factors have been deposited in the
PDB with accession codes of 3LVX (I6A), 3LO1 (Y16A), 3LO2
(Y21A), 3H6C (Q22A), 3LO4 (R24A), 3LO6 (W26Abu), 3LO9
(W26Ahp), and 3LOE (F28A). Molecular graphics were gener-
ated using the program PyMOL (52).
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FIGURE 1. Survival curves of S. aureus ATCC 29213 (MicroBioLogics) exposed to HNP1 and its 19 Ala-
scan analogs. Strains were exposed to the peptides at concentrations varying from 0.195 to 50 um. Except
for wild type HNP1, each curve is the mean of triplicate experiments, where the error bars represent the
S.D. of the measurements. The virtual colony counting assay tests a maximum of six peptides on one
96-well plate, including wild type HNP1 as a control on every plate to ensure internal consistency. The data
of wild type HNP1 are presented as averages of 12 independent measurements =S.D. Because points
equivalent to zero survival cannot be plotted on a logarithmic scale, the complete killing achieved by 25
um wild type HNP1 appears on the x axis, below the scaled portion of the results. A Student’s t test was
used to calculate the p values for statistical significance of wild type HNP1 versus selective defensin
analogs: p = 0.00046 for R5A, p = 0.00076 for R14A, p = 0.0073 for E13A, p = 0.00068 for R15A, p = 0.00016

for R24A, p = 0.00011 for W26A, and p = 0.00063 for F28A.

Functional Assays—The inhibition of lethal factor (10 nm) by
various defensins was quantified at 37 °C on a 96-well V, ..
microplate reader (GE Healthcare) using an enzyme kinetic
assay detailed elsewhere (35). The assay buffer was 20 mm
HEPES containing 1 mm CaCl, and 0.5% Nonidet P-40, pH
7.2. Data were presented in a percent inhibition plot versus
varying defensin concentrations from which IC;, values, the
concentration of defensin that reduced the enzymatic activ-
ity of LF by 50%, were derived using a nonlinear regression
analysis.

Surface plasmon resonance (SPR) based LF and HIV gp120
binding studies were performed at 25 °C on a BIAcore T100
System (BIAcore, Inc., Piscataway, NY). The assay buffer was 10
mm HEPES, 150 mMm NacCl, 0.05% surfactant P20, pH 7.4 (*+3
mm EDTA). LF (2500 RUs) and gp120 (2830 and 3198 RUs)
were immobilized on CM5 sensor chips using the amine-cou-
pling chemistry recommended by the manufacturer. Detailed
procedures for the SPR measurements were described else-
where (35). Binding isotherms were analyzed with manufactur-
er-supplied software for BIAcore T100 and/or GraphPad Prism
4.0.

Virtual colony counting (54) was employed to quantify
dose-dependent defensin killing of Staphylococcus aureus
ATCC 29213 in 10 mM sodium phosphate, pH 7.4. Data anal-
ysis utilized a Visual Basic script to calculate the time neces-
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Defensin concentration (uM)

tude, was achieved at 25 um.
Replacement of Arg residues (Arg-
5, Arg-14, Arg-15, or Arg-24)
resulted in attenuated bactericidal
activity, affirming the functional
importance of cationicity in HNP1-
mediated bacterial killing (29, 30).
Conversely, substituting Ala for
Glu-13, the only anionic residue of
HNP1, enhanced the killing of S. au-
reus. Importantly, the hydrophobic
residues also played critical roles in the action of HNP1 against
S. aureus. Notable examples include Ile-6, Tyr-16, Ile-20, and in
particular, the C-terminal hydrophobic residues Leu-25, Trp-
26, and Phe-28. In fact, W26 A-HNP1 barely showed any bacte-
ricidal activity at 50 um and was the least active defensin among
all 19 Ala-scan analogs of HNP1. Overall, the mutational data
support the premise that the interplay between cationicity and
hydrophobicity dictates S. aureus killing by a-defensins (55).
Wild type HNP1 is a potent non-competitive inhibitor of
anthrax lethal factor (21). Previously, we showed that synthetic
HNP1 inhibited 10 nm LF with an IC,, value of 148 nm (35). The
inhibitory activity of 19 Ala-scan analogs of HNP1 against LF
was quantified under identical conditions, and their IC,, values
appear in Table 1. Except for the W26A mutant of HNP1, all
other IC,, values fell within a 3-fold concentration range,
between 92 nMm for the G23A and 278 nm for the I6A mutants.
Substituting alanine for Arg-5, Gly-12, Glu-13, Thr-18, Gly-23,
or Leu-25 marginally improved inhibition of LF relative to the
wild type peptide, and substituting alanine for Tyr-3, Ile-6,
Pro-7, Arg-14, Arg-15, Tyr-16, Ile-20, GIn-22, or Phe-28 mar-
ginally decreased it. The activity of the I10A, Y21A, and R24A
mutants was indistinguishable from that of wild type HNP1. As
shown in Fig. 24, all inhibition curves clustered except for that
of W26A-HNP1. With W26A-HNP1 excluded, the weakest
inhibitors of LF, Q22A-HNP1 and I6A-HNP1, and the strong-
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est inhibitors, G23A-HNP1 and G12A-HNP1, displayed IC,,
values within a factor of 2 of the HNP1 IC,,. In sharp contrast,
the W26A mutation weakened LF inhibition by almost 20 fold,
yielding an IC;, of 2.8 um for W26A-HNP1.

To verify the inhibitory activity data, we examined LF bind-
ing kinetics of various defensins using the surface plasmon res-
onance technique. Representative sensorgrams of the defensins
at 100 nm are shown in Fig. 2B. Wild type HNP1, G12A-HNP1,
and G23A-HNP1 showed the strongest binding to LF, whereas
W26A-HNP1 was the weakest ligand of LF. The difference in
RU values at 300s of association between wild type HNP1 and
W26A-HNP1 was >10-fold. I6A-HNP1 and Q22A-HNP1 were

TABLE 1

IC5, values of HNP1 and its 19 Ala-scan analogs for lethal factor were
determined by enzyme inhibition kinetics at 37 °C in 20 mm HEPES
buffer containing 1 mm CaCl, and 0.5% Nonidet P-40, pH 7.2

The IC,, value of the wild type defensin is the mean of 24 independent measure-
ments. The data of all other HNP1 analogs are the averages of three separate assays.

Defensin ICM;, Defensin IC;,
nm nm

Wild type HNP1 148 =11 Y16A 178 £ 18
Y3A 233 =17 T18A 114 + 12
R5A 112 + 14 120A 173 =10
I6A 278 =48 Y21A 143 £9
P7A 207 =19 Q22A 277 = 37
110A 153 £ 13 G23A 927
GI12A 109 = 10 R24A 157 £8
E13A 111 =11 L25A 114+ 9
R14A 177 £13 W26A 2786 * 396
R15A 211 =18 F28A 211 =10
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the second weakest binders of LF. However, as with LF inhibi-
tion, all LF binding curves, except for that of W26A-HNP1,
largely crowded together.

To investigate whether or not Trp-26 is important for HNP1
functions other than bacterial killing and LF inhibition, we
tested the lectin-like properties of HNP1 analogs. The lectin-
like properties of HNP1 were first demonstrated by its avid
binding of glycoproteins such as HIV-1 gp120, a heavily glyco-
sylated protein (56). Trp residues in small lectins have been
shown to be important for oligosaccharide binding (57). Shown
in Fig. 2C are representative binding kinetics of the defensin
analogs at 100 nMm on immobilized gp120. Wild type HNP1I,
G12A-HNP1, and G23A-HNP1 again exhibited the strongest
binding to the viral protein. The W26A mutation dramatically
reduced gp120-binding by 26-fold in RU at 300 s. I6A-HNP1
was the second weakest defensin in the panel, although the
difference in gp120 binding between HNP1 and I6A-HNP1 was
far smaller than that between HNP1 and W26A-HNP1. Taken
together, the results on bacterial killing as well as inhibition
and/or binding of LF and gp120 unequivocally point to Trp-26
as a critical residue in HNP1.

Structural Analysis of Ala-scan Analogs—We previously
determined the crystal structure of wild type HNP1 at 1.6 A
resolution (35). To ensure the correct folding of the new HNP1
analogs, we selected I6A-, Y16A-, Y21A-, Q22A-, R24A-,
W26A-, and F28A-HNP1 for structural characterization by
x-ray crystallography. Except for W26A-HNP1, which failed to
crystallize, the structures of the
remaining six HNP1 analogs were
determined at resolutions ranging
from 156 to 175 A (supple-
mental Table S2). As shown in
Fig. 34, wild type HNP1 and its
Ala-scan analogs all share the same
three-stranded (-sheet fold ar-
ranged in a dimeric form, which is
conserved in the a-defensin family
(58). In each case, two monomers
associated in a “canonical” fashion
via the central (2nd) B-strands,

(o]

o

o
L

400 -

Response Units (RU)
Response Units (RU)

[N]

o

o
L

forming a symmetric dimer stabi-
lized by a network of intermolecular
main chain-main chain H-bonds
and by extensive hydrophobic inter-
actions. Shown in Fig. 3B are super-
imposed monomers of wild type
HNP1 and the six defensin analogs.
Minimal conformational variation
is observed in the backbone and
three disulfides. Overall, these

gp120 binding

0 200 400 600 800
Time (Sec)

FIGURE 2. Inhibition and/or binding of LF and HIV-1 gp120 by wild type HNP1 and its 19 Ala-scan ana-
logs. A, shown is inhibition of LF activity by different concentrations of defensin. The data are the averages of
three independent enzyme kinetic measurements, except for HNP1, of which the inhibition curve was
obtained from 24 separate assays. For clarity, only the inhibition curves of HNP1, Q22A-HNP1, G23A-HNP1, and
W26A-HNP1 are highlighted in color thick lines with error bars. WT, wild type. B and C, binding kinetics of
defensins, each at 100 nm, on immobilized LF (2500 RUs) or gp120 (2830 RUs) as determined by SPR. In addition
to the four color-coded defensins, HNP1 (red), Q22A-HNP1 (cyan), G23A-HNP1 (blue), and W26A-HNP1 (green),

G12A-HNP1 and I6A-HNP1 are highlighted in black.
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structural data indicate that Ala
substitutions in HNP1 caused little
change to its tertiary structure and
had limited impact on its quater-
nary structure.

W26A-HNPI Is Correctly Folded—
Two different synthetic approaches
were used for W26A-HNP1; they are

Time (Sec)
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Monomer A

FIGURE 3. Structural alignment of Ca traces of dimers and monomers of HNP1 analogs. A, shown is a
stereo view of backbone-superimposed dimers of wild type HNP1 (light green), I6A-HNP1 (magenta), Y16A-
HNP1 (cyan), Y21A-HNP1 (gray), Q22A-HNP1 (orange), R24A-HNP1 (red), and F28A-HNP1 (blue). B, shown is a
stereo view of backbone-superimposed monomers of HNP1 and the six Ala-substituted analogs. Disulfide

bonds are represented by yellow sticks.

direct oxidative folding of a fully reduced W26A-HNP1 and
CNBr cleavage of an oxidatively folded pro-defensin mutant,
i.e. W71A-proHNP1. Both W26A-HNP1 preparations were
indistinguishable on analytical reverse phase-HPLC and elec-
trospray ionization mass spectrometry and showed identical
activity in various functional assays (data not shown). To verify
the correct folding of W26A-HNP1, we determined its disulfide
connectivity. The mutant defensin was subjected to enzymatic
digestion by trypsin and chymotrypsin followed by a liquid
chromatography-MS/MS analysis. Two major fragments were
generated of 830.5 and 1504.9 Da, corresponding to
(CR®)(GTCIY?*') (calculated monoisotopic mass 830.3 Da) and
(ACY?)(IPACIAGER)(CC?°) (calculated average isotopic
mass 1504.8 Da), respectively. The mass mapping of peptide
fragments confirmed the existence of one native disulfide
bridge between Cys-4 and Cys-19 but was insufficient for
unambiguous identification of the remaining two native S-S
bonds, Cys-2—Cys-30 and Cys-9—Cys-29. It did, however,
exclude the possibility of a non-native connectivity, i.e. Cys-2—
Cys-9, Cys-29 —Cys-30. As our attempts to crystallize W26A-
HNP1 were unsuccessful, we resorted to NMR spectroscopy.
Our proton assignments of wild type HNP1 were in agree-
ment with the published results (59). Compared with the wild
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type, the chemical shifts of back-
bone protons of a majority of resi-
dues in W26A-HNP1 (Ala-1 to
Cys-4, Ala-8 to Gly-17, Arg-24, and
Ala-27 to Cys-30) were slightly per-
turbed; that is, less than 0.1 ppm for
Ca protons and less than 0.2 ppm
for amide protons. A contour plot of
combined two-dimensional NOE
and COSY spectra in the fingerprint
region showed similar patterns of
connectivity between wild type and
the mutant HNP1. The characteris-
tic anti-parallel B-sheet comprising
residues 14 —30 was clearly “visible”
in the spectra of W26A-HNP1, fur-
ther demonstrating its structural
similarity to the wild type defensin.
However, significant changes in
chemical shift were observed for
residues surrounding Ala-26 pre-
sumably due to the W26A muta-
tion. Strong NOE connectivities
among Trp-26, Tyr-21, and Arg-24,
previously seen in wild type HNP1,
were absent in W26A-HNPI1,
reflecting a localized conforma-
tional mobility caused by the muta-
tion-created void in the molecule.

Further analysis of the proton-
proton NOEs of W26A-HNP1
revealed two additional native pairs
of disulfide bonds: Cys-2—Cys-30
and Cys-9—Cys-29 (Fig. 4) (ironi-
cally, we could not establish the
Cys-4—Cys-19 connectivity previously identified by liquid
chromatography-MS/MS due to lack of discernable signals).
Three lines of evidence support the existence of the two native
S-S bonds in W26A-HNP1, thereby confirming that W26A-
HNP1 was correctly folded. First, both HNP1 and W26A-
HNP1 had similar CBH NOE connectivity patterns for Cys-2,
Cys-30, Cys-9, and Cys-29. Second, there existed strong cross-
strand NOEs between the CyH of Glu-13 and the CBH of both
Cys-9 and Cys-29. Third, weak cross-strand NOEs were found
between the C6H or CeH of Phe-28 and the CBH of both Cys-2
and Cys-30. It is noteworthy that direct comparison of NOEs
between wild type HNP1 and W26A-HNP1 was essential to
avoid ambiguous S-S bond assignments as strong CSH NOEs
can exist between non-bonded Cys residues in Cys-rich pep-
tides (60).

Functional Rescue of W26A-HNPI—To gain additional
insights into the nature of the deleterious W26A mutation, we
introduced at position 26 a homologous series of unnatural
amino acids with straight aliphatic side chains: Abu, Nva, Nle,
and Ahp (61). Shown in Fig. 5 is dose-dependent inhibition
of LF by different concentrations of W26Abu-, W26Nva-,
W26Nle-, and W26Ahp-HNP1. For comparison, the data for
wild type HNP1 and W26A-HNP1 are also included. The IC,
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FIGURE 4. Native disulfide linkages shown in a NOESY spectrum of W26A-HNP1. The Cys-9—Cys-29 link-
age is observed through long-range connectivities with the side chain of Glu-13. The Cys-2—Cys-30 linkage is
established through weak cross-strand NOEs between the C8H or CeH of Phe-28 (7.05 ppm) and the CSH of

both Cys-2 and Cys-30.
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FIGURE 5. Inhibition of LF activity by different concentrations of W26X-
HNP1 analogs. The data are the averages of three independent enzyme
kinetic measurements. For comparison, wild type (WT) HNP1 and W26A-
HNP1 are also plotted.

TABLE 2

IC5, values of W26X-HNP1 for lethal factor were determined by
enzyme inhibition kinetics at 37 °C in 20 mm HEPES buffer containing
1 mm CaCl, and 0.5% Nonidet P-40, pH 7.2

The IC;, value of the wild type defensin is the mean of 24 independent measure-
ments. The data of all other HNP1 analogs are averages of three separate assays.

Defensin 1C;, Defensin IC;,
nm nm
Wild type HNP1 148 = 11 W26A 2786 *+ 396
W26Abu 847 = 89 W26Nle 242 + 19
W26Nva 291 * 26 W26Ahp 191 *= 27

values are tabulated in Table 2. Inhibition of LF by W26X-
HNP1 progressively improved as the aliphatic side chain of res-
idue X was elongated. The most dramatic improvement in LF
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ity of W26X-HNP1 to bind LF or
HIV-1 gp120 (Figs. 6, A and B). The
SPR experiments were performed at
three different defensin concentra-
tions (50, 100, 200 nm W26 X-HNP1
for LF and 100, 200, 400 nm for HIV
gp120). The strong correlation was
illustrated by plots of RU values at 300 s of association versus the
number of heavy atoms of the side chain of residue X (Figs. 6, C
and D).

We also quantified bactericidal activity of W26X-HNP1
against S. aureus using wild type HNP1 and W26A-HNP1 as
controls (Fig. 7). The relative potencies were: HNP1 (virtual
LD., = 2.5 um) > W26Ahp-HNP1 (13 um) ~ W26Nle-HNP1
(14 um) > W26Nva-HNP1 (20 um) > W26Abu-HNP1 (35
uM) > W26A-HNP1 (>50 um). Evidently, none of the W26X-
HNP1 analogs was nearly as effective as the wild type defensin
in killing the Gram-positive bacterium. Nevertheless, their bac-
tericidal activity correlated well with the side chain size of res-
idue X at position 26. Taken together, the LF inhibition, gp120
binding, and bacterial killing data indicate that W26A-HNP1
can be functionally rescued in large part by increasing the
hydrophobicity of residue 26.

Structural Analysis of W26Abu- and W26Ahp-HNPI—All
four unnatural analogs of HNP1 crystallized, and W26Abu- and
W26Ahp-HNP1 were selected for structural analysis. As shown
in Fig. 84, both analogs, although highly similar to each other,
adopt dimeric structures nearly identical to wild type HNP1.
Superposition of the dimers of W26Abu-HNP1 and W26Ahp-
HNP1 to the wild type defensin yielded root mean square devi-
ation values of 0.55 and 0.42 A, respectively, between (60)
equivalent Ca atoms. In wild type HNP1, Trp-26 stacks against
Tyr-21, which in turn makes van der Waals contacts with Tyr-
16, Phe-28, and the Cys-2—Cys-30 disulfide of the opposing
monomer (Fig. 8B). Notably, Tyr-21 adopts two different con-
formations in wild type HNP1, 1) packing vertically against the
aromatic rings of Phe-28 and Trp-26 in monomer A and 2)
sandwiching horizontally betw<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>